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3 e As part  of a program to determine design c r i t e r i a  f o r  turbojet  com- bustors,  47 experimental tubular designs embodying variable primary-air 
openings t o  control t h e  fuel-air  r a t i o  i n  the combustion zone were inves- 
tigated at simulated high-altitude operating conditions f o r  a represent- 
* a t i v e  5.2-pressure-ratio  engine. The performance characteristics  consid- 
ered were corribustion efficiency, operating range, and pressure loss .  
a Variable primary air  had a marked effect  on conibustor performance; 
in order to maintain ma;xirmlm conibustion efficiency, it was necessary to 
increase primary-air flow as over-all fuel-air r a t i o  was increased. The 
best experimental variable-area conibustor operated with conibustion e f f i -  
ciencies of 89 and 82 percent a t   c ru i se  engine speed conditiom, 56,000 
and 70,000 fee t  of altitude, respectively. 
A t  the cruise condition, the efficiencies of the best experimental 
model were as much a6 25 percent higher than those of a reference produc- 
tion combustor of equal size.  A t  ful l - ra ted engine speed, however, the 
efficiencies of the experimental model were 3 percent lower. Combustion 
efficiencies  greater than 90 percent were not readily achieved and this 
can probably be at t r ibuted to the  small s ize  of the conibustor. 
A t  the  70,000-foot condftion, t he  operable mel-air-ratio range of 
one model of the variable-area conibustor was three times the range of the 
reference production conbustor. U s e  of va r i ab le  primary a i r  also reduced 
the detrimental effects of  increased temperature rise on pressure loss. 
Design c r i t e r i a  for obtaining high cozdbustion efficiency i n  turbojet  
colnbustors a t  high-altitude operating conditions are being investigated 
at the Lewis laboratory. AB part of t h i s  program, the performance of 47 
within the combustion zone by separate control ofrthe primary a i r  was in- 
vestigated. Eleven models were chosen as representative and the results 
are remrted  herein. 
% experimental combustors designed t o  improve fuel-air  mixture conditions 
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The  over-all  fuel-air  ratio,  at  which a turbojet cmbustor must 
operate,  varies.  with  engine  speed,  altitude, and flight qeed. The maxi- 
mum  fuel-air  ratia  of one current  engine is about four times  the minimUm 
fuel-air  ratio;  this-  range may increase Fn future  turbojet  engines if im- 
provements in engine  design  allow  higher  turbine-inlet  temperature,  hence 
higher  fuel-air  ratios.  At  both low aria high f'uel-air ratios,  decreases 
in  performance  are  frequently observed-in turbojet  combustors. For ex- 
ample, data presented in reference 1 indicate  that  at low fuel-air ra- 
tios,  the  use of large  fuel  nozzles wiih poor  atomization  reduced com- 
bustion  efficiency i n a n  annular twbo;fet conibustor. A fact  which  may 
be  attributed to an over-lean  mixture  condition  in  the cmbustion zone. 
At high fuel-air  ratios, small nozzles.with  fine  atomization also re- 
duced  the  cambustian  efficiency,  which.is  attributable  to n over-rich 
mixture  condition. . . . . . . .  
One  experimental  method f continuously  controlling  the  primary- 
zone  fuel-air  ratia h s been  reported in references 2 and 3. The U s -  
tribution of fuel  along  the  length  of  the-cambustor  primary  zone was 
varied  by  means of .;a serie-s Of "staged1'  injection  nozzles. 
In the  ex-gerimental  investigation  reported  herein,  the  fuel-air 
ratio  in  the  cambustion z e of a turbojet  combustor was controlled  by 
varying  the  primary-air-flow  rate. Al the primary  air was admitted at 
the  front end of the  cambustor  through  variable  openings.  Fuel was in- 
troduced i n t o  8 centml primary-air  opening  and was finely  atomized  by 
the  air (ref. 4 ) .  
The cmbustors were operated over:a wide  range  of  fuel-air  ratios 
at  air-flow,  pressure, and temperature  conditions corresponding to a 
5.2-pressure-ratia  engine  operating  at..85-gercent  rated  speed  at  alti- 
tudes of 56,000 and 70,000 feet. In addition,  limited data were  ob- 
tained  at t w o  other  air flows, one higher and  one lower than  the  cruise 
air  flow  at 56,000 feet.  Combustion  efficiency,  pressure-loss, and 
temperature-profile data, were  obtained:+th  variable  quantities  of  pri- 
mary air. The effects  of a number of  design  variables on combustor 
performance  were  investigated;  these  varlables  included  Fuel-injector 
design,  air baffles, liner holes, and fuel dams (ref. 5). The 11 models 
chosen honstrate the  effect of these:variables. No attempt was made 
to  evaluate cmbustor durability,  carbon  deposition  tendencies, or  sea- 
. . .  le v e l  ~gh-l?ressure . prfo?nce * . :. . . . . . . . .  " . - . . . . . . . . . . . .  .- 
Also as  part  of t h i s  investigation,  the  best  models of the  variable- 
area  combustor  are cmpared uith several  other experimental and produc- 
tion  model  combustors. 
. . . .  
t' .- 
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Combustor  Installation 
The  experimental  coribustor was installed in a duct connected to the 
laboratory  air-supply  and  altitude-exhaust  facilities as shown in  figure 
1. Combustor  aLr-flow  rates  and  pressures  were  regulated  by  remotely 
controlled  valves  located  upstream and downstream of the  combustor. 
w Conikmstor-inlet air was heated by an electric heater. cn 
UI w 
Instrumentation 
Air flows were  measured  by a concentric-hole,  sharp-edged A.S.M.E. 
orifice  installed  upstream of the  inlet-air  control  valves and air  heat- 
er. Fuel  flows  were  measured  by  calibrated  rotameters.  Instrumentation 
for  sensing  combustor-inlet  and  -outlet  tenperatures  and  pressures was 
arranged  as  shown  in  figure 1. The  ccuubustor-Inlet-&  temperature was 
sensed  by  bare-wire,  iron-canstantan  thermocauples  (station €3, fig. 1) ; 
combustor-outlet-air  temgerature was sensed  by  single-shielded,  chromel- 
% 
d 
r: alumel thermocouples (station C, fig. 1) . The 16 outlet thermocouples 
fir were so connected that individual  readings  or an instantaneous  average 
temperature reading could  be obtained. A l l  thermocouples  were  connected 
to self-balancing  direct-reading  potentiometers.  Combustor-inlet and 
-outlet  pressures  were  sensed  by  total-pressure  tubes  (stations A and 
D, fig. 1) mnifolded together  at  each  station  to  obtain  average  read- 
ings. The  canbustor-inlet  pressure  and  over-all  pressure drop were in- 
dicated  by an absolute  manometer  and a U-tube  manometer,  respectively. 
Combus  tor 
The  basic  features of the  tubular canbustor used  are shown in fig- 
ure 2. The air flow to  the ccmbustor was channeled in to  three paths. 
Two central paths fed primary  air  into  the  upstream end of the canbus- 
tor.  The  inner p-ry air  passed  through a swirler into a swirl cham- 
ber  and  thence  to a throat  section  where  the  fuel was introduced through 
radial  holes drilled in a fuel disk. The air swirling past  these  holes 
atmized the fuel. The  outer primary air  flowed  through an annular pas- 
sage  and  converged on the  inner  primary-air  current  at  the  point of en- 
try into  the  combustioln space. Both  the  inner  and  outer  primery-air 
flows were varied by axial  motion  of  the  throat  section,  which was at- 
tached  to a movable  sleeve  separating  the  inner  and  outer  primary-air 
passages. Secondary air flowed in the  outermost  annulus  and  completely 
ing through  louvers  for cooling the  liner walls. Four large air-entry 
slots at  the  downstream  end  of  the  liner  were  provided  to  obtain a rela- 
tively uniform temperature  distribution  at  the  couibustor  outlet. 
bypassed the primary ccmbustian zone except for smal quantities flow- 
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During  operation of the  experimental  combustor  in  the  duct  tests, 
the  primary-air  flow  was  adjusted by the mechanical positioner  shown in 
figure 3. The  variation  af  liner open area,  expressed as the  ratio  of 
primary open area  to  total-liner  open  area,  is  presented  in  figure 4 as 
a function of the  crank  setting of the  mechanical  posftioner. 
* 
Basic dimensions. of  the  experimental  canbustor  are  shown  in  figure 
3. The  combustor  had  maximum cross-sectional area of 0.267 square 
feet (7 in. dim). The over-all  length of the  canbustor  including  the 
inlet diffuser, which contained the area-vafying mechanism, m a  31.3 g . .  
inches.  The  distance  fran  the  plane of :the fuel. injector  to  the  outlet 
thermocouples was 27 ~ c h e s ;  
. . .  fl 
. .  
. " . . .  . .  
A total of 47 experimental  combustor models was tested  during  the 
investigation. Among the  variables  studied were: fuel-injection  method, 
primary-air  admission,  and  liner configmtions. For  the  discussfon  pre- 
sented  herein, a Uslited  number of configurations has been  selected  to 
illustrate (I) the  best  performance obtahed, arid (2) observed trends 
in  performance  -xith  design  variables. Drrtxings of the models chosen 
are  presented in figure 5; the  model  numbers indicate the  &der in which 
the  data  were  obtained. 
6 -  
. _ _ . -  -. . 
A variable-area,  pintle-type nozzle (fig. 6) was used  to  inject 
fuel  in  canbustor  models 41 anii 46. This  nozzle was designed t o  over- 
come  the  poor  circumferential fuel distribution normally encountered 
w i t h  pintle-type  nozzles dthout sacrificing  the  wide-flow range in- 
herent in this t ype  of nozzle. The fuel:  is  channeled. into a predeter- 
mined  number of "streaks" by the flats ground on the  surface of the  stem 
(fig . 6) . These fuel streaks f l o w  alon@;-  the shaft, spread out on the 
tapered pintle,  and.are..atonr;lz.ed in the air as they  leave  the sharp edge 
of  the  pintle.  The origiml model  of t h i s  nozzle  produced  the  desired 
spray  form  (eight uniform streaks)  from 7 t o  1915 pounds  per hour f u d l  
flow, a 270 to 1 flow range  (the limit of the  test  facility).  his 
range was obtained  with  nozzle  pressure drops from 9 5 t o  395 pound6 per 
square  inch. For the  experimental  combustor  models 41 and 46, the noz- 
zle  pressure  drop  was  adjusted  to a lower value and varied from 20 to 
70 pounds per square  inch  over  the mnge of fuel flows investigated 
(10 to 100 lb/hr) . 
a ." 
. " 
.. 
- . .  
- 
Fuel 
The  fuel  used in this investigation'ms liquid MIL-F-5624B, grade 
JP-4. Inspection data For  -the fuel are $resented-& -table I .  
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Combustion  efficiency  and cmbustor pressure-loss data were  recorded 
during  operation of each  experimental  combustor  model  at  one  or  more  of 
the  following  combustor-inlet  conditions: 
Condi- 
per  unit corn- temper- pressure, tion 
Air-flow rate  Total Total 
in .  Hg abs bustor  area, ature, 
OF lb/( sec)(sq ft ft 
(4 
A 
268 15 E 
26 8 15 D 
268 5 C 
268 8 B 
268 15 2.78 
I .48 
.93 
2.14 
3.62 
56,000 
70,000 
80,000 
56,000 
56,000 
&Based on maxFlIIum cmbustor cross-sectional  area, 
* 0.267 sq ft. 
These  conditions  simulate  combustor-inlet  conditions i  a refer- 
percent  rated  speed  (cruise  condition) and at a flight h b c h  number of 
0.6. Air-flow  rates  at  conditions A, B, and C are  representative of 
current  turbojet  engines.  Air-flow  rates  approximately 30 percent great- 
er  and 23 percent  less  €han the reference  conditions  are  presented  by 
conditions E and D, respctively. 
* erne turbojet  engine  with a pressure  ratio of 5.2, operating at 85- 
Sufficient data were  obtained d t h  each cambustor  model at several 
primary-air-flow  settings to indicate  trends in canbustor  performance. 
Data  were  obtained  for  mast  models at conditions A, B, and E; none of 
the models  investigated  would  operate  at  condition  C. In general,  cam- 
bustor  performance was obtained  over a range  of  fuel-air  ratios frm 
the lean blow-out  point  or a minim temperature  rise of appro-tely 
300° F to  the  rich  blow-out  point  or  the maximum safe  temperature  for 
the exhaust-gas instrumentation. 
Combustion  efficiency,  defined  as  the  percentage  ratio  of  actual 
to  theoretical  increase in enthalpy  of  gases flaring through  the  combus- 
tor, was cmputed by the  method of reference 6. The  average  combustor- 
outlet  total-temperature  readlag was used  to  caiculate  the  enthalpy of 
gas at  the cmbustor outlet;  Fndicated  temperature  readings  were not 
carrected  for  velocity  or  radiation  effects. 
t Cmbustor total-pressure  losses  are  expressed as the  dimensionless 
ratio of the  total-pressure loss to  the  reference  velocity  pressure . (computed frm the air f l o w ,  maximum combustor  cross-sectional  area, and 
combustor-inlet-air  density). 
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Sample  cambustor-autlet taperatwe-profile data  were W e n  periodi- 
cally for each combustor model: by .recbrding-%dividual thermocouple " 
readings. I 
RESULTS 
An investigation m8 conducted on 47 different  variable-area ConibuS- 
tor  models  in m effort  to  obtain optimum performance  characteristics  at 
high-altitude  operating  conditions.  Result6  obtained  with  several  models, b3 43
selected  to  best  illustrate  the  trend6  obtained,  are  presented in figures 3 
7 to 13. Fxperimental  data for the @ode18 are  presented  in  table 11. 
The  combustion-efficiency data obtained  with  couibustor model 10 
(fig. 5(a) } is plotted in figure 7 to  illustrate the effect of varying 
the  primary-air flow. The  peak  efficiency  occurred  at  successively high- 
er  fuel-air  ratios as the  primary-sir flow was increased.  At  test  condi- 
tion E (fig.  7(a) ) , the  combustor was operated  at  only  one prbary-air 
setting;  however, if data  were  obtained  at  other s ttbgs a similar trend 
w o u l d  be expected. The data show  that an optimum primary-air flow exists r .  
for  each  over-all.fue1-air  ratio.  Values of primary-zone  fuel-air  ratio 
were not measured nor could they be readily computed since neither b 
primary-zone  pressure drop nor  discharge  coefficients of air  openings 
were known. 
- 
- 
." . 
- 
.- 
The use  of  variable  primary-air  flow  to  extend  the  operable  range 
of fuel-air  ratios  is  illustrated in figure 7(d). Rich  blow-out  occurred 
at a fuel-air  ratio  of  approxFmately-0.026  when  the  prfinary-air openfngs 
were  set  at U- percent  of  total-liner  hole  area. By increasing  the 
primary-air  openings  to 19 percent of total open  8rea, cabustion wa8 
maintained at a fuel-&  ratio  of 0.038. 
Effect  of  Fuel  Injector  Design 
" Several of the 47 models  Znvestigated  incorporated  dffferent  methods 
of  introducing  the fuel. The  effect.af two fuel-introduction  variables 
on  performance a r e  described i~ the f o l l o a  paragraphs. . .  
Number of holes  in  fuel disk. -.The cmbustion efficiencies of the 
combustors having a different  number.of hales In the  fuel-injection disk 
are  presented in figure 8. In figures 8 to 11, only  those data obtained 
with primary-air-flow settings resulting in the highest efficiencies .are - 
presented  in  order to simplify  the  comparisons. At the  milder  test con- 
ditions E and A (figs. 8(a)) and (b)), the number  and  size of holes in t 
the  fuel disk had an almost  negligible  effect on the  performance;  how- 
ever,  at  test  condition B (fig. 8(c)), there  is  evidence of increase i n  
b 
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efficiency when fewer fuel-introduction holes are used. Preliminary 
data (not shown i n  f i g .  8) indicated that s i z e  of fuel holes was rela- 
* t ively unimportant. 
Air against mechanical atomization. - The combustion efficiencies 
of three models having mechanical atomizers ins ta l led  and one model using 
sir atomization (model 26) are  ccrmpased in f igure 9. In general, all 
the mechanical spray-nozzle models were characterized by a narrow operat- 
ing range, even when the pr imry-air  flow w8s varied. The smal fixed- 
area nozzle ( m o d e l  34) produced slightly higher efficiencies at  low 
fuel-air   ra t ios  at test condition E ( f ig .  9(a)) and a t  the high and low 
ends of the  fuel-air-rat io  range at  test   condition B ( f ig .  9( c )  ) . When 
a larger fixed-area nozzle (model 42) was used, the operating range was 
limited t o  high  fuel-air   ratios only, and cambustion was very rough. 
The performance of cmbustor model 41 with the wide-range pintle  nozzle 
( f ig .  6) ins ta l led  was about the same as that with air atomization, ex- 
cept a t  high mel-.ir ra t ios  at  test conat ion  E ( f ig .  g ( a ) )  here  air 
atomization produced considerably higher ef'f iciency . 
a 
EM ec t  of PrfmarS.-Air Baffles 
. I n  attempts t o  ra i se  the cmbustion  efficiency  level of the 
variable-area combustor, baffles  (f ig.  5 (c )  ) were attached to   t he   fue l  
disk t o  cause major changes i n  the air-f low patterns i n  the primary zone. 
The slotted disk and V-gutter baffles (models 20 and 21) were designed 
to  increase  turbulence i n  the primary zone, and a T h i n  cone-shaped disk 
(model 25) was designed to increase reverse flow in  the  center  of the 
combustor. The f u e l  was a todzed  by a i r  i n  t hese  th ree  models. mi- 
cal results  obtained are presmted in figure 10. 
A t  test  condition A (fig.  lo(&)), m o d e l s  20 and 21burned with ap- 
proximately the same efficiency as the basic cmbustor model 10. A t  
test condition B (fig.. IO(b)), model 20 burned with slightly higher ef- 
ficiency than model 10, whereas m o d e l  21 burned with lower efficiencies.  
The plain disk baff le  ( m o d e l  25) performed with low efficiency  at   both 
test   conditions.  
Performance Characteristics of Best Models 
Variable-area combustor models having improved performance charac- 
t e r i s t i c s  were developed by a- new features to some of the models 
previously discussed. The canbustian efficiencies of these models are 
A presented i n  figure ll. 
High-efficiency model. - A small p i lo t   fue l  spray was added inside . the plain disk baff le  of model 25- . to provide adational fuel i n  this 
region. A row of 0.375-inch holes was added in the liner 6 inches 
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downstream of 
primary  zone. 
were  added  in 
circulate  the 
a 
the  fuel disk to  increase  the  reverse flow of alr in the 
Finally,  another row-of 0.25-inch holes  with  fuel dame 
the  liner 3 inches  do.tinstream  fram  the  fuel d i s k to  re- 1 
fuel  which had Fmpinged on the liner walls. The cmbina- 
tion  of all these  chariges  resulted  in a cmbustor (male1 29) having high- 
er  combustion-efficiency perfomce than any other  model  investigated 
over  most  of  the  range.  For  both  air  flows  at a combustor-inlet  pres- 
sure  of 15 inches Gf' iiieFca -absolute  (conditions E and A, figs. U(a) 
and (b)) the  combustion  efficiency  varied frm 90 percent at a fuel-air 
ratio of 0.008 to 85 percent  at a fuel-air  ratio f 0.026. At  condition 
B, 8 inches  of  mercury  absolute  (fig.  ll(c)),  the  efficiency  varied f om 
81 percent at a fuel-ar ratio.. of . O . U 3 . .  to 69 percent at a fuel-air 
ratio of 0.026. Although the  highest  efficfency was obtained  with  modell 
29  the cMbustion was characterized.by rough burning. 
Wide-range  model. - Several  changes  were  made in canbustor  model  29 
in an attempt  to  increase  the  operable  range a;t high fuel-air ratios and 
to  increase the combustion  efficiency. The combustor  having  the  widest 
operating  range  (model 46) was similar to  model  29  except  that  the small
fixed-area pilot nozzle was replaced  by  the wide-range pintle  nozzle and 
fqur smaller  fuel  holes  were  used f o r  air  atomization  (fig. 5(d) ) . These 
changes.allowed a Large  percentage  of  the f'uel to penetrate mther down- 
stream in the  combustor. 
At high f'uel-air  ratios  at  test  condition B, the  performance of 
model 46 was better  than a l l  other models in both range  and  efficiency 
(fig.  ll(c) ) . Blow-out  occurred  at ' 8  fuel-air  ratio of 0.041, where 
the  efficiency was approximately 60percent.  The range at  the  other 
conditfons A and E was about  the  same as that  of  model 29; however,  the 
efficiency  level was somewbat lower.' Model 46 was also characterized 
by rough burnlng. 
Combustor  total-pressure loss. .- Typical  total-pressure-losa data, 
obtained  vith  several  variable-area  combustors  with plain disk baffles 
are  presented in figure 12. The  pressure-loss  data  &re  plotted RS a 
function  of  ccmbustor-inlet to -outlet  density  ratio. At a canstant 
primary-air  setting,  pressure drop increased  linearly  with  density  ratio. 
when the  primary-air flow wa8 increased  by  increasing  the area of the 
air  openings,  the  pressure drop was reduced. 
A curve  representing  the  pressure loss of model 29 at  test  condi- 
tion E and  at  the  primary-air  settings  required  for maximum combustion 
efficiency  is shown in  figure 12(a). If a canstant  area  setting of U 
percent  primary  air  were  used  (equivalent  to a fixed-geometry  combus- 
tor),  the  total-pressure loss would  increase  from  approximately 20 to 
25 times  the  reference  velocity  pressure for an increase in density 
ratio across the cmbustor fram 1.0 to 3.2. With varigble-air admission 
(model 29), the  pressure loss'i%~s only 21 tines the  reference  velocity 
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pressure  at  the  density  ratio of 3.2 (equivalent to a cmbustor tempera- 
ture  rise of U 0 O o  P) , a decrease of 16 percent f r m  the  fixed-area- - setting  curve. 
Temperature  profile. - A ty-pical cmbustor-outlet temperature pm- 
file  for  the  high-efficiency  model  29  is  presented in figure 13. In 
general,  the  temperatures  were  uniform within +200° F, although  occa- 
sionally an eccentric  profile  was'recorded.  The  eccentricity w a s  usual- 
ly causedby misalinement  of parts in  the  primary-air  passages,  or  ec- 
centricity & the  liner  at  the  combustor  outlet. 
DISCUSSION 
Conbustor  Design  Variables 
The  results of this  investigation  showed  that,  by  continuously 
varying the  primary-air flow, it was possible  to  achieve  nearly  constant 
combustion  efficiency  over  wide  ranges of fuel-air  ratio.  The  design 
features  incorporated into the  combustor  permitted  the  primary-zone 
ing  conditions. 
CUI 
A u fuel-air  ratio  to  be  msintained at a near-optimum value  at all operat- . 
mom a consideration  of  the d sign of the  variable-area  combustor 
and the  results  obtained  with  the various experimental  models hvestl- 
gated,  several  trends  are  indicated  that may be useful in the  design of 
turbo j et  ccadbustors . 
Fuel  introduction. - when air atomization  alone was employed,  fewer 
holes in the  fuel disk &roved  performance. This result  tends  to  sub- 
stantiate  the  theory  that  alternate  air-rich  and  fuel-rich  regions in a 
canibustor  pr-  zone  aids cmbustor performance  (ref. 7). Although 
no marked  effect of hole  size on performance was noted, there m e  limits 
on the  size  that can be  used. E small holes  are  used,  fuel  cannot  be 
supplled  over  the caplete range of  operation of an engine  without ex- 
cessive  fuel  system  pressures, or if  the  holes  are  very  large,  perform- 
ance w i l l  probably  decrease  and  vapor-lock  problems wil increase. 
Similarly,  there  are  size  limits  for  the  fixed-area  spray  nozzles  used 
i n  sane  configurations.  For  example,  the  fixed-area  nozzle of cclnibus- 
tor  model 34 was too small to permit  operation  over the complete  range 
of engine  conditions,  whereas  the  large  nozzle Fn cmbustor male1 42 
allowed cmbustor operation  at high fuel-air  ratios  (fig.  9)  but pro- 
vided  insufficient  atomization  at low fuel flm. 
It was found that for the experimental conbustor configurations 
investigated, air and  mechanical atomization of  the  fuel  gave  approxi- 
mately  equal  performance;  the  best performFng models (29 and 46) used a 
ccadbinatian  of  the two. These  results  suggest  the  use of primary air 
10 NACA RM E55B10 
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t o  aid atomization of poorly developed sprays now obtained Kith conven- 
tional fixed-area spray nozzles at low f u e l  flows. Photographs of l iquid 
sprays obtained in a tubular turbojet cmibustor (ref. 8) are further evi-  
dence of the extent t o  which air flows hay aid atomization. 
- 
.. 
Rough burning in the variable-area: combustor (table 11) usually oc- 
curred at lean  primary  fuel-air  ratios although occasionally it would 
occur a t  the rich end. rzl.model 42, with the large fixed-area nozzle, 
the burning was very rough probably because of the poor atomization. 
The rough burning encountered i n  the best models (29 and 46) appeared 
t o  be assoclated with the use of fue l  dams, w h i c h  may have influenced 
the  fuel  preparation .cr t&girrflow- gatterns -. -- - "" -"" in .. . . the .. . - primary . ". . . zone. . . . 
. .  - 
to 
10 In 
M 
. " . 
Air-flow patterns. - The u ~ e  of baff les   in   the primary zone markedly 
affected cdnbustion efficiency (fig. 10). The slatted-disk. baffle (model 
20) and the V-gutter baffle (model 21) were designed t o  increase turbu- 
lence i n  t&.primELry zone. The difference in gerformmce may be ac- 
counted f o r  by the different degrees of turbulence created by the two 
baffles.  The plain-disk baffle (model 25) was designed t o  promote re- 
verse flow in the center of the combustor primary zone. A smal fue l  
spray was required  inside  the  baffle to provide a hot piloting region. 
Additional liner holes and fue l  dams were required  to   fur ther  promote 
reverse flow and mixing of the fuel and air in  the primary zone t o  
achieve  the high cambustion efficiency of model 29. " 
c 
The results obtained with the variable-area ccmibustor models inves- 
tigated  indicate that both air-flow pagterns and fuel  introduction af- 
feet the  results  obtained and that both must be varied t o  achieve the 
optimum configuration.. The best models (29 and 46) were developed by 
t h i s  technique. .. - 
" 
"
- . 
Control system. - The over-all fuel-air ra t ios  (100-percent cam- 
bustion  efficiency assumed) required . f o r  .operation of .one. cixrrat  turbo- 
je t  engine a t  a flight Mach number of 0.6 are presented i n  figure 14. 
H i g h e r  fuel-air   ra t ios  are required at . h i g h  eLgine speeds but they oc- 
cur a t  lower fuel-flow rates as a l t i tude  i s  increased. The shape of the 
curves also chames with fl ight speed.:  The design principle of the 
variable-aFea cambustor is  t o  lncrease.:primary-air flow with increase 
in   these  mer-al l   fuel-air   ra t ios  t o  ma-inwn primary-fuel-air  ratio 
near optimum values. 
.- : 
" 
No single engine variable shown i n  figure 14 ( fuel  flow, engine 
speed, a l t i tude,   or   f l ight  speed)  can  theo-reti-Uy  be  used as a pre- - .  
cise signal source to actuate the,primary-air-flow control-mechanism if  
the  variable-area  design  principle i s  t o  be  used in an engine. Such a L 
precise control signal would have t o  be obtained frm a cmbination of 
engine variables; such as f u e l  flow and cmbuator inlet-air density, o r  
engine speed, a l t i tude,  and flight speed. 
. . ". -. - 
.. 
" 
" 
1 . 
. .  
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The data presented  for  several models of the experimental vsriable- 
area combustor show that m ~ b x 5 m . m  cmbustion  efficiency i s  obtained only 
when the proper amount of primary air  i s  provided; however, i n  some 
models maxhum efficiency is  obtained over a considerable portion of the 
fuel-air-rat io  range at  one primary-air-flow setting. This suggests the 
possibi l i ty  of a two- o r  three-position control for primary-air setting 
instead of continuous control or use of a single variable such as en- 
gine speed to provide a signal source. The off-design performance may 
not be seriously loweredby this method. Figure 15 Fllustrates one pos- 
sible method fo r   u t i l i z ing  a control signal t o  vary the primary-air open- 
ings in the conibustor. The bellows assembly is linked t o  the t h r o a t  
section by the monble  sleeve. The control pressure signal acts  on the  
bellows area"-to adjust  the  throat  section and maintain the optimum wan- 
t i t y  of primary-air flow. 
Performance of Best Variable-Area Combustor 
The combustion-efficiency performance of model 29 variable-area 
combustor i s  compared with that of several other experimental combustors 
(refs. 5, 9, and 10) and with a reference production combustor, a l l  of 
approximately the same nclmfnal s ize ,  in  figure 16. Two l i nes  of con- 
stant combustor temperature r i s e   a r e   a l s o  shown in   f i gu re  1 6  to repre- 
sent engine cruise operation (680° F) and maxiruum engine speed (U80° 3') 
conditions. These l i nes  show the increase fn fuel-air r a t i o  that i s  re- 
quired when loss of ccrmbustion efficiency occurs. The data indicate ,  in  
general, that all the experimental cmustors   represented have efficiency 
levels near 90 percent a t  test  conditions A and E (pressure, 15 in. EIg 
abs). Greater differences in performance are exhibited at  the more se- 
vere test  condition B (pressure, 8 in .  Hg abs); the efficiency of the 
prevaporizing combustor ( re f .  9 )  was frm 3 to 11 percentage points high- 
er than that of the variable-area canbustor. It i s  also noted i n  figure 
16 that a l l  the experimental conibustors operated uith efficiencies high- 
e r  than that of  the rzference production combustor, par t icular ly  at lean 
fue l -a i r  ra t ios  and at law pressures. The efficiency of m o d e l  29 was as 
much as 25 percent higher than t ha t  of the reference production combustor 
a t  the engine cruise conditions. At maxFmum engine speed conditions, 
however, the efficiency of model 29 w a s  about 3 percent lover. All the  
experimental combustors were, however, designed without regard f o r  other 
conibustion-chamber problems such as durability, carbon deposition tenden- 
cies, and ease of manufacture. 
The range of fuel-air ratios.  over which m o d e l  29 w o u l d  operate was 
only slightly greater than that of the reference combustor ( f ig .  16) .  
Modification of the fuel-introduction system of m o d e l  29, h-ver, re-  
su l ted   in  a corifiguration (model 46) that operated a t  f u e l - d r  ratios 
from 0.007 t o  0 . W  at t e s t  condition B (fig. l l . (c>) .  This operating 
range is about three times that of the reference canbustor (0.014 to 
0.027) at  the same test  condition. The cmbustion efficiency of model 
46 was about 3 t o  5 percent lower than that of model 29 over much of 
the operating range. -
12 - mACA RM E55B10 
The fac t  that all the experimental cmbbustors represented in   f i gu re  
16 have approximately the same performance indicates that combustor per- 
formance may be limited by the size a f .  the ccanbustor. Data obtained 
w i t h  combustors of different size substantiate this possibil i ty.  A rela- 
t ion between cmbustion efficiency and cmbustor size, a a  expressed by 
the hydraulic radius of the cmbustor l iner a t  the point where the un- 
disturbed fuel spray strLkes the liner w a l l s ,  i s  presented i n  reference 
11. The comparison of different combustors was made a t  operation condi- 
tions of equal severity a8 expressed by the parameter Vr/PiTi (ifhere 
V r  i s  the combustor reference velocity, calculated fram inlet density, 
mass-flow rate ,  and maximum cmbustor cross-sectional area, ft/sec; Pi 
i s  the combustor-inlet, static pressure,  lb/sq f t  abs; and T i  is  the 
combustor-inlet temperature, OR). 
i 
Values of combustion efficiency and hydraulic radius for several 
experimental and production canbustors, including those of reference 
11, are presented in table 111 for twpvalues of the severity factor 
(Vr/PiTi equal t o  100 . .  and 248KLa-6). The combustion-efficiency data 
shown in table I11 were obtained from the   fhred-curves  of reference 12 
(based on the reciprocal of Vr/PiTi) and from the other  r ference -. 
sources a t  a combustor temperature rise of 680° F, w h i c h  is  representa- 
t ive  of the current requirement f o r  engine cruise operation. A t  the 
high value of Vr/PiTi, the performance . ,  is  also sham f o r  a temperature 
. .  . . . . "" 
L 
. -  
rise of 11800 F, which represents the requirements f o r  m8ximum engine 
speed. These data are  plot ted in  f igure 1 7 .  The major objective of 
the experimental combustors was high combustion efficiency a t  low pres- 
sures and the  resul ts  ( f ig .  1 7 )  show that most of these combustors have 
efficiencies w e l l  above the producti- c~bust.o.rs at both values of 
vr/PiTI. The curve fai red - through the  experimental  data  for combustore 
having the highest eficiencies suggest that the maximum performance 
attainable is limited by the s ize  of the combustor. The variable-area 
cmbustor data. point i s  near the upper curve at both severity factors; 
thus i t s  performance may also be limited by i t s  size. The lower produc- 
t ion  combustor curve in  f igure 17(a) w a s  obtained from reference 11. I n  
general, far both production and experimental combustors, efficiency 
increases with increase in hydraulic radius. The curves indicate that 
a hydraulic radius of 2.0 inches or greater i s  requiredto achieve I B O -  
percent efficiency at the lower severity factor with the fuels and equip- 
ment now being used. 
. . . . , - . . -. - - . . - - . . -. . .. . - . .  . .. .. .. 
I n  figure 17,  the  scat ter  of the data is  greater a t  t h e   m r e  B e - .  
vere condition, which indicates the d l f f icu l ty  of achieving high effi-  
cfency at high values of Vr-PiTi. The effect  of cmbustor length is 
not considered here and m y  account f o r  some af the spread of the data. 
P 
. 
L. 
The effect of combustor temperature rise on combustion efficiency 
i s  i l l u s t r a t e d   i n  figure 17(b) by the tailed symbols. I n  general, the 
rise increased from 680' F (upper faired curve) t o  U80° F. Data f o r  a 
similar increase i n  temperature rise was avai lable   for  only one pmduc- 
t i o n  combustor (table 111). This combustor showed an increase i n  effi-  
ciency from 57 t o  7 1  percent for the increase i n  temperature rise. Its 
performance was thus close t o  the best of the experimental combustors 
of the same nominal size  at the higher value of temperature rise. The 
decrease in efficiency w i t h  the decrease i n  combustor s ize  i s  not yet 
w e l l  understood. Some possible factors are w a l l  quenching effects, f u e l  
impingement on the walls, o r   f u e l  and air mixing limitation6 due t o  com- 
bustor size. 
Q efficiency decreased from 8 t o  14 percentage  points as the temperature 
Pressure loss. - It i s  shown (fig.  12) that the pressure drop could 
be decreased with increased  density  ratio  (or temperature rise) when the 
primary-air qenings were var ied  for  u m d m u m  combustion efficiency. If 
continuous control of the p r i m a r y - a i r  areas were used instead of step- 
wise changes, it appears possible that the combustor pressure loss could 
air ra t ios .  
I be maintained at a nearly constant  value  over the complete range of fue l -  
I The pressure losses of the variable-.ma combustor investigated 
were higher than current pmctice (isothermal pressure drop of a repre- 
sentative production combustion is  12.0). Nevertheless, it is believed 
that proper  redesign  of  the  front end of the combustor would r e s u l t   i n  
marked reductions i n  pressure loss. 
Temperature prof i le .  - The data presented indicate that it is pos- 
sible to   ob ta in  a f lat  temperature prof i le  even though al the secondary 
aLr e n t e r s  i n  only the last 5 inches of the l i ne r .  Since all. the f u e l  
and primary air enters at the upstream end of the combustor l iner ,  a 
re la t ive ly  uniform temperatu-e prof i le  is probably achieved by the time 
the hot gases reach the secondary-air s lo t s .  It i s  believed that con- 
t r o l  of combustor-outlet temperature profile  could be attained by simple 
changes i n  the secondary-arlr openings. 
Variable primary-air fluw has been shown t o  be another method of 
extending the rich Hat of combustion in   add i t ion   t o  fuel staging; 
however, either method involves a more complex combustor design and a 
more complex control system to regulate the new veriable. Tbis com- .. plexity m u s t  be w e i g h e d  agaLnst possible gains that the data indicate. 
The major advantage of the variable-area ccmbustor w a s  the exten- 
d sion of high efficiency over greater fuel-air-rakio  ranges. The combus- 
t o r  faLled, however, t o  perform with efficiencies much higher than 90 
percent, which w a s  a t t r ibuted t o  the smal size of the combustor. 
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SUMMARY OF RESULTS 
An investigation w-as conducted with experimental combustor designs - 
incorporating a means of varying the primary-aLr flow. The performance 
of the best configurations st high-altitude operating conditions are 
s w z e d   i n  the following pazagraphs. The values quoted for  s imuhted 
f l i g h t  performance refer t o  canibustor operating conditions i n  a typical  
5.2-pressure-ratio turbojet engine at a f l i g h t  Mach number of 0.6. 3 
rT) 
KJ 1. The prim&ry-air flow mazkedly affected combustion efficiency. 
Maximum efficiency was obtained with increased primary-air flow 88 over- 
a l l  fuel-air r a t i o  w a s  increased. 
2. Combustion efficiencies obtained were a s  high as 89 percent at 
cruise epeed at 56,000 feet and as high as 82 percent at 70,000 feet. 
A t  the cruise condition, t h e  efficiencies of the best experimental model 
were as much as 25 percent higher than those of a reference  prokction 
conibustor of equal size. A t  fill-rated engine  speed, however, the effi-  . 
ciencies of the experimental model were 3 percent lower. 
m 
3. The range of fuel-air   ra t ios  over which the combustor would op- 
erate without blow-out w a s  increased with use of variable air admission. 
A t  the 70,000-foot condition, the fuel-air-ratio range of one combustor 
model (model 46) was three times the range of a reference production 
combustor. 
s 
4. The increase  in  combustor pressure loss with increase i n  combus- 
t o r  temperature rlse was reduced when v&able primary-air admission was 
used. The pressure-loss level, however, was higher f o r  the models in-  
vestigated than for current productton combustors. 
Lewis FJlght Propulsion Laboratory 
Nationd Advisory Committee f o r  Aeronautics 
Cleveland, Ohio, February 14, 1955 
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TABIZ I. - FUEL ANALXSIS 
Fuel Properties 
A.S.T.M. distillation D86-46, OF 
Initial boiling point . 
Percent evaporated 
5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
Final boiling pint 
Residue,  percent 
Loss, percent 
Aromatics,  percent by volume 
A.S.T.M. DB75-46T 
Silica  gel 
Specific gravity 
Viscosity, centistokes at looo F 
Reid vapor pressure, lb/sq in. 
Hydrogen-carbon ratio 
Net  heat & combustion, Btu/lb 
MIL-F-5624B (JP-4) 
(NACA fuel 52-53) 
136 
183 
200 
225 
244 
263 
278 
301 
321 
347 
400 
498 
0.7 
1 .z 
8.5 
10.7 
0.757 
0.762 
2.9 
0.170 
18,700 
NACA RM E55B10 - 
no o 
711 
712 
7 l 3  
714 
715 
716 
717 
718 
721 
722 
72s 6 
728 
725 0 
727 
7 z a  
729 
7m 
731 
732 
735 
738 
738 
745 
749 
750 
755 
75.9 
z 5 9 5  
760 
782 
761 
763 
764 
76s 
766 
767 10 
7 n  
777 
m 
7 m  
766 
7m 10 
7a7 
;E I 
791 
79s 
7.9 
7.9 
8 -0 
8.0 
8.1 
6-0 
8.0 
7.8 
8.0 
8.1 
7-9 
s.0 
8 -0 
8-0 
8.0 
8 -0  
e .a 
- 
T 
8.0 
8-0 
8.1 
8.0 
8.0 
8-0 
7-9 
15r 
l.5-1 
16.1 
15.0 
16.1 
l5.0 
14- S 
15 .a 
'"j" 
l5.0 
16.1 
I 
-1 
=iO 
15.1 
15.1 
14.9 
14.9 
15.0 
TABLE 11. - EXPERIMENTAL DATA 
1.490 
1.939 
1.=4 
1 S I 7  
I.uJ7 
1.505 
1.495 
1.499 
1.490 
1 . m  
! 
1.490 
1.467 
1.479 
1.487 
1.467 
1.483 
1.491 
LA79 
1 
2.148 
f 
'i' 
2-T5 
2.116 
2.136 
1 
'"i" 
2.U6 
'T 
2.154 
e . m  
E.754 
z.755 
2.753 
2.734 
~ ' 1 3 4  2"r 
2.715 
2.716 
2.734 
tm 
5 . 6 ~ -  
5.614 
1.814 
5.558 E 
102.1 43.6 
100.7 46.5 
102.5 40.0 
101.8 49.1 
1M.1 47.6 
142.4 52.0 
101.8 %.a 
142.1 s9.5 
101.1 45.2 
m2.1 48.4 
101.6 53.9 
105.0 54.9 
lO1.9 47.0 
lOl.0 55.0 
101.6 28.8 
103.4 28 .4  
78.93 51.2 
78.82 47.3 
70.01 4s.4 
78.03 46.0 
77.89 65.7 
~15.1 3a.7 
78.20 30.5 
77-67 55.7 
78.U 33.0 
78.85 I 29.0 
78.52 U . 1  
7 a . a  48.2 
77.5s m.0 
77.93 57.3 
78.29 40.0 
77.77 39.5 
78.u 55.5 
70.09 I 52.5 
77.58 40.7 78.52 35.5 
78.30 49.7 n.63 44.9 
1W.6 50.1 
77.m 54.9 
100.8 46.3 
141.2 58.2 
100.7 43.8 
100.6 34.4 
101.1 85.2 
99.59 51.7 
100.8 61.6 
Loo.9 85.5 
100.4 
100 -8 
99.88 55.5 
81.3 
47-1 
65.1 
58.7 
54.4 
4 2 3  
40.1 
49.6 
52-1 
65.4 
s7.2 
63.9 
80.0 
b0.0 
68.8 
72.8 
74.5 
80 .4  
52.7 
58 .O 
49 .2 
43.1 
45.2 
59.1 
44 .o 
60.4 
51.2 
48.6 
42.4 
5a.4 
48.0 
35.8 
63.9 
sa.0 
75.3 
79.5 
81.0 
82.2 
76.9 
"8 
65-2 
85.4 
-
00.7 
87.0 
83.1 
83.2 
82.6 
79 -0 
85.6 
65.5 
84.8 
84.5 
64.5 
85.6 
ar.1 
82.0 
84.7 
-8 
84-5 
87.3 
87.5 
88.0 a -2 
7a.2 
77.0 
8 l .8  
M.0 
86.5 
87.0 
8S.6 
8Q.l 
85.2 
w.5 
85.5 
77.1 
e4-5 
8 2 5  
a6.4 
7s -5 
E5.7 
as .s 
- 
" 
-2 
-  
" 
" 
 - 
" 
I
W.0 
15.1 
15.1 
12.8 
12.6 
12.5 
12.8 
ll.6 
l l . 5  
11.4 
u . 5  
l I . 6  
11.6 
11.2 
11.0 
ll.1 
u . 2  
ll.2 
12.0 
l l . 8  
11.8 
U . 6  
I l - 7  
U . 8  
l s . 8  
13.6 
15.4 
I3.2 
13.4 
12.6 
IP.4 
12.4 
12.2 
11.0 
11.2 
12.2 
Il.5 
10.8 
10.8 
10.5 
10.2 
10. a 
10.7 
10.9 
11.0 
l l . 2  
2 l .2  
P.4 
P . 2  
aO.5 
eO.0 
a . 7  
22.1 
"1 
22.3 
L8.7 
18.0 
I81 
17.3 
17.5 
17 -8 
u . 4  
 
-
m-9 
rei1 
"
37.2 
37.8 -
"" 
 
17 
1 
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TABLE 11. - Continued. EXPERIMENTAL DATA 
oa?buntor, 
in. water 
"
t 
! 
I 
I 
I 
t 
t 
! i 
1 
aa.. 
266 
270 
267 
270 
266 
2m 
273 
272 
273 
272 
i!7 1 
268 
71.8 
76.8 
77.5 
x1.1 
74 .s 
66.6 
67.6 
67.8 
65.8 
63.9 
17.0 
89.5 
BB.9 
62.6 
85.4 
86.4 
88.2 
aQ.4 
88.5 
82.5 
81.7 
81.7 
86.8 
-" 
I 
m . 4  a - a  .oi% I ~ M  
103.0 25.7 .OI7a 1190 
em 
lcl2.2 28.7 .0199 1235 
925 
101.6 .- 1285  10 9 965 
J.OZi.6 35.5 -0248 14W 1127 
1Ci3.9 U.2 .o;?as 1490 1217 102.4 38.4 -0286 1445  17
1M.7 31.7 .02l9 1280  lo08
~. ~ 
32.4 
. m2.2 51.7 . o m  us0 1020 
"_ 
12.7 
12.8 
12.9 
9.6 
9.9 
10 .o 
ln.4 
8.1 
8.1 
8.0 
7.8 
14.9 
15.0 
I" 
lB .8  
20.4 
18.7 
18.0 
"" 
 
16.9 "_ 
17.4 
I" 
" 
"" 
270 .740 2.772 
270 .759 2.788 
270  -759  2.788 
14-  1170
972 
630 
792 
Yodel 21 
102.6 =.a o . 0 ~ 1  1050 757 86.4 
I
101.6 20.6 .01 985 719 n . a  
815  67.5 
101.6 28.5 .0199 llso 894 64.5 
1.481 lO3.2 30.9 . o P S  1185 919  61.5 
1.487  lal.  Sa.& .Ope lln 909 59.4 
2.775 m . 2  33.q ... 0-7 u1so 2.779 m0.1 57.8 .Om? 1120 850 U .6  
2.772 1 30 61lS 895 
778 85.8 
a.788 . q : s  . a3 .:!us s6o 7 ~ 5  67.5 696 88.6 
2.172 
L . T m  z:$ E lOl9 . Q . 5  966 84.7 
2.772 . la2.1 19.9 .Om7 Y55 1083 a.7 
2.775 1m.I 56.6 .0212 1460 l l 9 6  82.4 
2.Tf6 ule.2 53.6 .OPl 1410 1138 82.7 
2.772 1oI.8 61.6 .02S2 1540 1270 Q..4 
- 
"T -397
397 
.742 ..tu 
.740 
.759 
* 740 
.741 
-740 
.711 
.7m 
.741 
-
- '"r 
-740 
- 7 5 0  
. 740 
.747 
:T 
.7&5 
.396 
.so7 
-596 
.s9a 
-598 
-196 
LS5-8 
;398 
-597 
.596 
"" 
- 
8.0 273 
8.0 266 
881 I 5 
- I 
T 
T 
I 
10 
Yodel 24 - 
851 
858 
959 
84? 
941 
942 
943 
944 
945 
948 
948 
947 
949 
950 
961 
952 
963 
954 
965 
957 
958 
960 
961 E 
I. 
19.2 
"I 
"" 
"I 
18.6 
 
" 
19.5 "- 
I 
" 
 
19.7 
12.2 "- 
"" 
"- "" 
L2.S 
11.4 
" 
"" _" 
"" 
15.1 266 
15.0 267 
16.1  270 
lS.1 269 
15.0 267 
15.0 
15.1 
268 
289 
15.0 272 
15.0 
262 
268 
15.0 
lh.0 270 
267 
15.1 272 
850 80.4 
861 B8.6 
1W.8 
102.9 
101.4 
lQ2.7 
105. 2 
1e.1 
101.9 
10s .o 
101.3 
U . 8  
1525 
1585 
1640 
1670 
1700 
1710 
1300 
l S l 0  
1220 
1190 
lscxt 
-" 
1253 
Y 78 
1517 
1wO 
1403 
u s a  
1052 
3056 
926 
U76 
lo51 
"
85.7  
"7 
85.5 
tU.0 
82.5 
a2.1 
67.8 
65.5 
68.. C 
61.61 
m-z 
m.8 
38.7 
$4.0: 
51.4 
29.3 
37.1 
26.3. 
.0215 
.0228 
-0242 
-0253 
.ME1 
.a264 
.Q272 
.0245 
. o m  
.Om4 
.ole 
.m 
2.790 
1.483 
1.46S 
1.487 
1.483 
1.491 
1.483 
56.1 
62.5 
268 
274 
264 
54.2 
"" 
I  
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TABLE 11. - Continued. EXPERIMENTAL DATA 
Bun . 
In 
M 
Lo 
rr) 
I 
m o d s 1  P - 
-596 
-742 
-595 
::r: 
-393 
-395 
-395 
3 5  -3r 
-735 
. n 5  .xis 
-737 
-740 
-735 
-735 
-737 
- 737 -745 
-735 
-740 
.742 
- 7 i 0  
-742 - 
.74l  
-928 
-397 
-742 T  
-742 
-749 
-740 
-745 
-740 
- 742 
-740 
.740 
.973 
-985 . Sa0 
.970 
.9ao .sa 
.970 
.97s 
. 9 m  -
2m 
2?2 
m 
275 
a67 
272 
26.9 
270 
2H) 
268 
274 
- - 
59 -5 
54.3 
58.5 
57.5 
54.8 
55.5 
42.2 
52.7 
50.4 
51.5 
53.5 
54.8 
51.4 
52.2 
49.8 
74.2 
75.0 
74.4 
74.4 
73-5 
74.6 
74 .0  
78.0 
n.2 
79 -0 
76.4 
74.4 
77.8 
79.6 
16.9 
4.9 
12.0 
1L.6 "_ 
1-483 
1.479 
1.475 
1.4?6 
2.779 
I 
1.472 
I. 479 
"P 1.479
2-753 
2.753 
2.745 
2.760 
2.7?2 
2.753 
2.753 
2.760 
5.790 
2.760 
2.755 
2.779 
2.772 
2.772 
I 
2.779 - 
3.476 
2.775 
1.487 
1.481 
I 
2.n2 -r 
2.779 
2.772 
2.790 
2.772 
2.719 
2.772 
2.779 
2.772 
5.644 
3.Bzc 
3.670 
3.635 
5 . m  
5.633 
3.652 
3.635 
5 . 6 ~ )  
0 
0 
829 
780 
7165 
683 
607 
sx1 
850 
ME6 
692 
10% 
1039 
1097 
9 s  
1190 
E a 4  
9 u  
886 
803 
646 
1016 
922 
1278 
llal 
1072 
970 
1357 
878 
1526 
1577 
1452 
1362 
1259 
Lo96 
n 7  
P 
1228 
1095 
loso 
12% 
948 
1x)6 
lo66 
Loo4 
912 
857 
756 
715 
1152 
ll22 
1050 
l244 
Ea3 
1575 
1450 
697 
759 
530 
990 
905 
g)o 
1097 
UT1 
1230 
102.1 0 
102.4 0 
102.0 44-4  
101.2 26.5 
102.6 293 
m . 9  23.a 
101.4 22.0 
lO1.6 19.5 
101.6 42.0 
.os12 
. o s  
-0187 
-0168 
-0155 
-0158 
-0297 
-0324 .om7 
.a5a6 .MB8 
. O W  
-0.322 
-038) 
-0347 
.om2 
-0169 
.ol5s 
-0155 
. O l p  
-0199 
-024s 
. O B  
-0202 
.oms 
.0168 
" 6 3  
.an 
990 
995 
994 
996 
997 
999 
1001 
1007 
LOX) 
LO11 
LO12 
LO13 
LO14 
L O 1 5  
LO16 
LO17 
LO18 
1019 
tom 
1021 
1022 
LO25 
LO26 
LO27 
1028 
1029 
1051 
998 
"" 
"" 
11.8 
10.5 
9 .5  
10 -5 266 
266 
26% 
a65 
270 
271 
289 
269 
268 
2t2 
289 
269 
a69 
lolJ 43.4 
101.1 40.9 
101.5 36.0 
100.7 45.5 
101.6 49.1 
102.0 54.1 
" 
10  -3  
"
 
19.5 101.7 48-1 
101.4 44.4 
101.4 40-4  
101.1 55.8 
101.7 32.5 
101.0 52.6 
101.0 46.8 
'z 
RJ 
P 
"_ 
 
" 
I
19.6 
18.1 "_ "- 
"_  
18.6 
18.0 
M- 
I e m 268 264 
267 
270 
275 
289 
263 
as8 
268 
271 
272 
269 
ZS9 
279 
101.0 64.7 
lOl .6  58.9 
101.1 53.6 
101.1 48.4 
101.7 44.9 
102.2 70s 
* 
"_ 
p- model 26 "_ "_ 
66.4 
70.1 
75 .1 
60.6 
72.0 
55.0 
85.2 
E3 -0 
84.8 
87 -0 
87 .O 
"5 
84.0 
84.8 
85.4 
85.S 
84.5 
85.2 
al.5 
86.2 
86 -0 
83 -6 
272 
27 7 
275 
272 
266 
274 
8.0 
7 . s  8r ' 
15.0 
14.9 
14-9 
l5C 
"i" 
"j" 
l5.1 
15.0 
15.0 
15 .1  
LO42 
L043 
Lo44 
LO45 
!os0 
LO51 
. O S  
LO 55 
, 0 5 6  
.057 
,058 
,059 
, 0 6 0  
.061 
,062 
. a 6 3  
, 0 6 4  
,065 
,066 
,071 
,072 
,075 
,014 
,075 
,076 
,077 
,078 
,079 -
.om1 
-0228 
-0209 
-0190 
.OS13 
-0534 
-0181 
.0168 
-0153 
-0139 
-0- 
. O m  
-0201 
-0192 
-0178 
.n2l4 
-0228 
-0247 
. o s 9  
. o m  
.on2  
-ma7  
. a 4 7  
-0168 
-0186 
.0128 
-0204 
-0219 
264 
286 
273 
273 
264 
ma 
262 
s a  
28Q 
266 
267 
265 
270 
w.2 1430 
lsm 
1550 
1510 
Pi70 
1640 
l7aO 
102s 
965 
800 
1270 
E 
14255 
14% 
266 
270 
280 
280 
ZSO 
278 
264 
265 
26.3 
20 - NACA RM E55B10 
TABTE 11. - Continued. EXPERIMENTAL DATA 
I I I *- I 
r 
l l 7 9  
lleo 
1181 
1182 
1183 
1184 
1185 
11.36 
1187 
1198 
1197 
1198 
119s 
1xx) 
1201 
1202 
1203 
1204 
1m5 
1217 
l 2 l s  
12Xl 
1219 
122s 
1221 
1224 
1226 
1226 
1228 
1229 
1230 
12s l  
1232 
12SJ 
1234 
1235 
1236 
1237 
1238 
12u) 
1241 
1244 
1245 
0 
2.5 
0 
1 
5 
7.5 
\ 
a 
5 
6 
10 
10 
LS 
1330 
1331 
1342 0 
1343 
1544 
1346 
lS46 
1S47 
1548 
1549 
1550 
1351 
15.0 
8.0 
15 .0  
8.0 
r 
8.1 
15.1 15r 
15.0 
15.0 
14 .9  "i'
15.0 
19.0 
15.0 
15.1 
8.1 
8 .0  
8.0 
6 . 0  
8.0 
8.0 
15.0 
8.1 
15.1 
15.0 
-
266 
271 
28s 
266 
267 
264 
26 7 
268 
268 
266 
289 
268 
264 
264 
268 
266 
267 
253 
266 
266 
264 
266 
266 
264 
266 
263 
268 
264 
266 
265 
264 
as8 
264 
262 
263 
267 
265 
288 
262 
265 
266 
262 
264 
287 
266 
262 
266 
264 
26 7 
1.398 
.748 
.965 
.397 
-395 -3r 
.398 
-737 . '139 
.7# 
-742 
-745 
.715 
7 :  
::f 
.me 
.742 
.742 
- 7 u  
-742 
-961 
.963 
7 .964 mgr. 
.985 
.961 
-969 
.967 
1.491 
2 .WI  
5.614 
1 A87 
1.479 
T 
1.491 
2.768 
2 . 7 8 )  
2.779 
2.772 
2.740 
2.783 
2.768 
2.779 
2.779 
2.790 
I 
2.779 
2.775 
2.779 
3.610 "Ip 
T 
1-607 
3.607 
3.629 
3.622 
267 0.397  1.487 
270 
274 
270 
269 
262 
262 
269 
262 
271 
266 
266 -597 1.487 
267 .9m 3.598 
269 -975  S.652 
274. .987  1.622 
273 
272  .972 3.640 
.960 5.596 
268 .972 5.640 
274 .967 3.622 
261 .975 3.652 
261 -975 S.652 
" .962 3.603 
264 .397  1.487 
Modal 29 
102.6 
1UZ.3 
101.8 35.2  0.0246 
101.4 30.6 .02l5 
27.1 . O M 9  
lSl .5  P P  
102.1 24 9 .0174 
102.3 42;O .0294 
101.8  36:s  . 257 
100.5 41.8 .0158 
lM.8 57;7 .OM2 
101.1 s4.4 .0129 
IOl.7 29;8 .0112 
101.2 24;s .m93 
101.7 3 2 J  -0122 
m.5 45.2 .0169 
101.2 c8 6 -0182 
m . 2  m.9 .m7a 
101.5 d 1  .Olga 
lA2.2 48A .ol39 
151.4 44J .0127 
151.3 40.4 -0U8 
131.0 36a .U04 
131.9 31.7 .0091 
151.6 27.3 .oOffl 
1320 ZL-.6 .0068 
131.8 50.7 .OU7 
lSl.6 57-4 -0166 
m . 8  60.5 .0174 
151.0 63-4 .0185 
151.4 67:l .ON3 
U . 9  72.6 .Om9 
"_ "_- 
 
1425 
l3S5 
1250 
1110 
1016 
1455 
1195 
1445 
1500 
1215 
1156 
La70 
875 
880 
7eo 
1035 
lS35 
1270 
14.B 
1 m  
1875 
1780 
1680 
1= 
1630 
l 4 P  
1690 
1880 
lsm 
1053 
850 
Be5 
860 
BM1 
ll5S 
7 P  
l2m 
1290 
I315 
1370 
14U 
1575 
1650 
Ul.8 9 4 9  .Om1 1760 
l s 1 . 4  101.8 -0294 1670 
131.9 85 .2  -0246 1650 
151.5  47.6 . o m  lm 
153.1 4 2 s  .012l l m  
155.8 38.2 .0110 970 
lS2.6 34.7 .01W 905 
134.1 30.0 . W 6  W 
135.3 24.9 -0071 740 
131.8 16 .7  AOS4 640 
152.5 532 . o m  1196 
132.5 4 6 . 5 .  .OlS2 1090 
-- 57 .8  .OM7 L260 
986 74.9 
747 81.2 
927 76.1 
1189 68.5 
1176 59.8 
BU n.6 
1012 84.8 I 
951 86.0 
871 1 86.7 805 87.4 ."
708 88.1 
614 pO.9 
617 90.0 
769 67.9 
1004 85.1 
1071 65.0 
l l 4 4  83.8 
14% 78.8 
1425 1 82.3 1154 82.8 1598 ta.5 
535 90.1 
BB9 85.6 
9 8 5  85.0 
1024 84.4 
1053 BJ.2 
ll06 83.0 
1178 82.4 
1509 82.7 
1388 14.0 
mt 91.0 
70.5 
66.0 
78.6 
71.6 
1519 72.1 
1408 I 69.8 
653 a7.4 
696 BB.1 
761 87.8 
$32 86.9 
472 89.9 
386 90.9 
829 88 .2  
"" 85.6 
934 67.7 
548 a7.4 
16.8 
e. 7. 
28.0 
12 .6  "_ 
" 
 
11.5 
" "_ "_ 
11.7 
19 .4  -" 
 "_ 
I 
T 
" "- 
- I (01 
l3.0 
-- I 
D 
L 
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TABLE 11. - Concluded. EXPERIMENTAL DATA 
w e 1  41 
99.99  29.0 0.- 1026 72.5 
100.8 34.7 -0247 1435 Us5 69.6 
11.2 
101.9 58.1 -0269 1485 1215 67.4 
101.6 30.5 -0214 l325 1055 72-0 m.1 26.5 .ala l2lo 942 78.3 ll.4 
152.8 45.4 .0125 
152.7  58.1 .OlOS 950 6W 86.7 1045 776 87.1  32.2 
m.4 55.7 .0105 890 
152.7 48.5 . m 9  1125 
625 5.6 
857 87.0 
U1.8 9 . 5  .m4s l l m  908 81.5 " 
ls2.0 5 . 7  . o m  la5 
19.8 83.5 -0173 1250 
852 8s.o 
988 B1.a 
S4.6 
U 2 . 7  67.3 . O m  LasQ 99s 74.1 - 29.2 .we4 " " - 
"" 
"" 
" 
"- "_ 
 
- 
- 
3.391 
390 
3 9 4  
-594 
3 9 5  
-967 
-967 
-962 
-
1.464 
1.478 
1.461 
I. 476 
1.472 
3.622 
3-62? 
3" 
3.622 1
- 
5.855 
3.640 
5.652 
5.852 
S.6U 
5.652 
1.652 
2 . m  
2.772 
2.7W 
2.779 
2.790 
2.779 
2.7m 
2.779 
9.808 
5. a 4  
- 
 
1.472 
1 
Y :  1.472 
3.468 
1.468 
1.472 
1.468 
1.472 
1.46.9 
1" 
1.46.9 
1" 
3.882 
3.727 
3.745 
3 -955 
3.73.9 
5.734 im 
5.708 
:p 
3.m 
1.m 
2.929 
2.940 
2.928 
2.929 "$
2.92l 
2329 
2.92l 
2.914 
2.928 
2.885 
2855 
2 . 9 P  
2.903 
2.805 - 
M o d e l  42 
80.0 O n 7 2  1220 984 82-0 
65.5 . O B  1295 1025 79.4 
34.9 (a) 
71.3 .01114 lsgo Lo96 78.1 
76.6 .021(1 14W LIS3 76.0 
S7.0 
79.5 " 1- l l 7 8  7a.6 
" 
- 
150.8 
153.2 
lS2.6 
l33.6 
"-6 
135.5 
155.4 
100.7 
l32.5 
102.5 
ml.3 
m.5 
103.4 
101.9 
100.1 
101.5 
99.97 
na 
1m.1 
1m .e 
99.44 
101 -2 
101 .8 
101.5 
101 .I 
100.6 
102.7 
101.1 
m1.2 m.1 
101.2 
101.1 
mll 
lm.8 
100 -2 
134 -9 
lcaJ 
Wg.0 
143.9 
157.2 
l36a 
ls6 -0 
W . 6  
w. 8 
155.4 
"9 
155.6 
155.9 
loot 3 
log .8 
107.2 
107.6 
106.8 
Un.0 
lO7.0 
106 .S 
m 7 3  
99.45 
-
-
1a7.7 
lo6.8 
106.3 
m.5 
107.3 
lO7.6 
104.9 
106.4 
m . 7  
.975 
15.1 
Ls.0 
E -742 j; .a2m 
. O m  
-0lsl - 
. 
46 
52.5 
- 
T 
3 9 2  
3 9 s  
3 9 2  
-592 
-393 
-395 -.I' 
3 9 3  
-592 
s9(1
-352 
-591 
-983 
" 
.m 
-050 
-493 
"7 
-990 
-990 
-987 
'T -982
-935 
.7a2 
-782 
.7tB 
"P .7a2 
. 7 m  
.782 
.780 
.m 
. 7 5  
.m 
.7m 
.775 
.775 
.ne 
-
23.5 
28.9 
P . 0  
18.9 
19.7 
17.5 
15.6 
15.8 
11.8 
10.0 
11.2 
49.4 
53.9 
58.1 
6 0 - 4  
5 7 3  
64.5 
74.7 
88.7 
9G.6 
01.7 
48.4 
43.9 
52. a 
27.1 
w .o 
38.4 
U . 6  
48.9 
54.7 
61.0 
68.5 
76.6 
78.9 
79.2 
51.7 
ae.8 
2 l - 7  
22.1 
eas 
38.2 
n -3 
3r.4 
Ea.4 
61.5 
72.2 
72.5 
69.5 
70.8 
68 -1 
n.4 
"2 
57.6 
45.9 
6 L 9  
60.1 
(10.8 
79.8 
m . 5  
78.2 
e3 -0 
80.9 
77.9 
77.7 
-
78 3 
82.5 
TB.0 
85.5 
77.8 
77.6 
77.8 
79.1 
82.4 
81 -8 
82.6 
85 -4 
m.4 
82.7 
85.6 
90.1 
m.6 
88.7 
82.5 n3 
68 .O 
=.a 
" 
80.5 
-
i 
7.9 
8-05 
8.05 
8.0 
1B.O 
14.9 
T 
15.0 
14.8 
W.0 
14.9 
l5.0 
14.9 
2.5 
I L 
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TABLE m. - DATA OF CWBUSTQRS OF D m  SIZE 
Refer- 
bus- a c e  
Cambustion efficiency,  percent D i m e n s i o n s  Ccmbuetor type Corm- 
tor Vr/PiTi = 248X10'6 V,/F'tTi = 1oOx10'6 Hy- MaxFmum Experi- Produc- 
tion d r a u l i c  canbustor m e n t a l  
cross- 
l180b F 6800JF (a) 680°JF (a) ~q in .  
ature ature ref .  12 ature ref.  12 in. sectional 
Temper- Temper- h Temper- From radius, 
"ea, r i s e  rise ri  B e  
12 (b) 64 .o 0.65 234.4 X A 
B 
(b) <C40.0 .59 53.5 X E 
(b 1 79.5 1.13 74.8 X D 
(b) 69.0 1.U 74.0 X C 
b) 64.0 .76 234.4 X 
F X 354.0 .56 54.5 
38 -0 77 .s 1.35 38.5 X J 
40.0 85.5 1.35 38.5 X I 
65.0 95 -0 2.32 420.0 X H 
67.0 96.5 2.32 420.0 X G 
(b 1 
K x 69.4 1.79 63 .a 54 .0 
L- X 69.4 1.79 03 -5 
47 .O 76 .O 1.79 69.4 X M 
51 .0 
N ( 4  60 .O 2.38 103.8 X 
ll- 
(b) 70.0 00 -0 1.79 69.4 X 5 -  
(b) b )  78 .Q 1.35 38.5 X 5 -  
b) (b) 79 .0 1.39 38.5 X - 10 
75.0 (c) 92 .O 1.40 38.5 X 9 -  
86.0 77.0d 96.0d 2.06 70.9 X 3 -  
80.0' 82.0d 97.5 2.32 420.0 X 
14 79.0 87.5 9s -0 1.62 -69.4 X - 
5 -  
(c) ( c )  85.0 2.50d 922 .O X - 13 
a-r.$ 9 1 . 6  100 .o 2-00 420.0 X - 15 
71.0 57.0 66 .O 1.35 38.5 X 
Variable 
model Z9 X 33.5 1.36 - 68.0 62.0' 
- - - - . - - . . - - . - - -. . I . . . . - ." 
. -. 
* 
-.__I . .. . - 
aRecIprocal of Vr/PiTI us€& in ref. 12. 
bEkyond burning limit. 
'Data not obtained. 
dEstimated value. 
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- NACA RM E55B10 
2 4 6 8 10 12 14 
Crank setting 
Figure 4. - Variation of primary-air areas with crank setting f o r  
variable-area' combustor. . . . . . - . 
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32 NACA RM E55B10 
(a) P e s t  condition E: Pressure, 15 inches of mercury absolute3 air  flaw, 3.62 pounds per second 
90 
per square foot .  
E 
70 
6 e 90 
2 
g 
4 
4 
7 0  4 IC) Tast condition D: Preseure, 15 inches of mercury absolute; air  flov, 2.14 pounds per second " - . .. 
DEI- Baume faot. 
". 
Fual-alr r a t i o  
(d) Test condition B: Pressure, 8 inches of mercury absolutej air flow, 1.48 pounds per second 
per square foot. 
Figure 7 .  - Conibustloa efficiency of model 10, a basic miable-araa combustor, sharing etPact 
of variabla primary-& flov. 
"_ 
" 
. 
. . .  . . . .. .... - 
CD-5 
I I 
. .  . . . .  . . . . . . . . . . 
5563 + b 
40 
(0) Te6t condition B: Freseurs, 8 laahas o f  mercury absolute; a b  Plow, 1.48 pounde per s e e d  
per eQ"3 f o o t .  
Figure 8. - meet of mpnber of b l e e  In fuel dink on combuetion efficiency of vvlablsarsa combustar 
with alr atorniplation. 
0 
w w 
. .  . . .  
34 NACA RN E55B10 
. .  
Fuel air  ratio 
~igqre 9. - combustion efficiency performance variable-area combustor with mechanicdl and 
air a t d e a t i o n .  
.. ." 
. . .
NACA RBI E55BlO 
. 
35 
.a . 012 .016 .020 -024 .m . OS2 -036 .OK) 
mual-air ratio 
(b) Test condition B: Prrssure, 8 inches of mer- absolute; !Fp flow, 1.48 pounds per second 
per 6que.l-e foot. 
Figure 10. - Cmbustion efficiency of variable-area combustor with several baffles installed; air 
atomization of fuel. 
36 NACA RM E55BLO 
NACA RM E55B10 - 37 
Conitmetor-inlet to -outlet density r a t i o  
(b) Combustor-inlet pressure, 8 inches of mercury absolute. 
Figure 12. - Preseure-loes  characteristics of several variable-area combustors 
with plain disk bdfles. 
38 NCLCA RM E55BIO 
FLgure l3. - Typical outlet-temperature profile for variable-area combustor. 
Model 29. Average temperature, 1420' F. 
. . . . .  
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NACA RM E55B10 - 41 
J 
""" 
"- er mmber 2 
(b) Test  condition A: Pressure, 15 inches of mercury absolute3 air 
.om .ol5 .om .om 
Fuel-air ratio 
[c) Teet condition B: PreaB'me, 8 inchee of meramy absolutel elr 
flow, 1.48 pounds per second per  square foot. 
Figare E. - Comparieon of coaibustion eff ic iency parlonuance of sever& 
combustor designs in  7-inch-diameter duct. 
42 - NIICA RM E55BIO 
100 
00 
60 
011 curve from 
.P *O 
2 
d 
- Open symbols, data from ref. 12 
&lid synibols aenote combustor 
temperature r ise  of 6800 F 
Ta i led  symbols denote c d u a t o r  
temperature r ise  of llw F 
C k - 1  
5 I I I I I I 
- - -  
c 
(b) Combustor parameter, Vr/PITI = 248me6.  
Figure 17. - Variation of combustion  efficiency with combustor hydraulic 
radius f o r  several production and experimental combustors. 
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